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-1.0 INTRODUCTION 
This report contains the resUlts of time domain electromagnetic (IDEM) surveys conducted at the 
Lihi Lani Project Site, Pupukea, Koolauloa District, on the Island of Oahu, Hawaii. The survey was 
performed by Blackhawk Geosciences, Inc. (BGI) for Kuilima Development Company during June 1992. 
The overall objective of the survey was to assist in defining potential fresh water resources at the 
projeCt site. The two major factors which influence the location and availability of fresh ground water in 
this geologic setting are (i) the elevation of the fresh water - salt walter interface for basal ground water 
occurrences, and (ii) the location and attitude of potential ground water damming structures (e.g., dikes) 
and aquiJards. Thus, the specific objectives of this survey were to 
• map the fresh water - salt water interface underlying the survey area, and 
• identify and map geologic structures or lithologic units which may affect ground water 
distribution. 
In TDEM s'iltYeys the electrical resistiVity of the subsurface is measured. Previous TDEM surveys 
oli the Hawaiian Islands have shown large resistivity contrasts to occur .between volcania saturated with 
fresh water and saline water. In most·cases, also significant resistivity contrasts exist between geologic 
structures and between weathered and unweathered volcanics. 
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2.0 DATA ACQUISmON 
A crew Consisting of two BGI geophys_icists acquired the field data. A daily log of field activities is 
given in Table 2-1� 
Date (1992) 
June 10 · 
June 11 
June 12 
June 13 
June 14 
June 28 
June 29 
June 30-July 1 
Table 2-1. Daily log of field activities 
Activity 
Mobilize crew and equipment from Denver, CO to Honolulu, HI. 
Acquire data at soundings 1E and 2E. 
Acquire data at soundings 3E and. 4& 
Acquire data at sounding SE. 
Demobilize equipment to other projects on Island of Hawaii. 
Mobilize equipment to Oahu from Hawaii. 
Acquire data at soundings 6E and 7E. 
Demobilize equipment and crew from Oahu to Denver, CO. 
The TDEM data were acquired usiiJ.g the central-loop configuration (central-loop soundings). 
With this c()nfiguration, measurements are recorded with the receiver located at the center of square 
transmitter loops laid on the ground surface. The transmitter loops are constructed with 10 gauge 
iilsulated copper wire and the dimensions of the loop depend u:pon the required exploration <tepth (larger 
dimensions for deeper exploration depth). For soundings at the Lihi Lani Project Site transmitter loop 
sizes of 500 ft by 500 ft up to 750 ft by 750 ft were used to meet the survey objectives. A total of 7 
soundings were made at the site a:s shown on Fig-ure 2-1. Positions of soundings were constrained by jeep 
· trail access and available property. in addition, the measurement locations were positioned, as much as 
pOSsible, to avoid pipelines and power lines which affect data quality. Sutvey elevation control and 
location was based on the 7.5 minute, u.s�o.s. topographic map (Waimea, Hawaii) and elevations were 
checked with a barometric altimeter. 
2 
The GeoQics EM-'37 TDEM s�tem was used fQr the survey, with a transmitter current between 16 
and 19 amperes at base frequencies of 3 Hz and 30 Hz. At the center of each transmitter loop the time 
derivative of the vertical magnetic field was recorded. The data from each sounding was stored in the field 
on a DAS 54 data logger and subsequently transferred to a PC386 for nightly processing. 
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3.0 DATA PROCESSING 
The first step in data processing is to average the emfs recorded at opposite receiver polarities. 
Next, the recordings made at different amplifier gains and frequencies were combined to give one transient 
decay. The emfs in the various time gates of the decay curves are subsequently entered into a ridge 
regression inversion program to obtain a one-dimensional (1-D) geoelectric section that matches the 
observed decay curve. 
The inversion program requires an initial model for the geoelectric section. This model is usually 
derived from approximate matching of apparent resistivity curves with model curves from a series of 
albums of model curves or from a knowledge of the geoelectric section obtained from drill holes. The 
inversion program is then allowed to adjust the model to improve the fit. This involves the adjustment of 
resistivities and thicknesses of the layers within the geoelectric model. The inversion program does not 
change the total number of layers within the model but all other parameters float freely, or optionally can 
be held constant. To determine the influence of number of layers on the solution, separate inversions with 
a different number of layers are run. 
An example of the output of the inversion program for a typical sounding is given in Figure 3-1. 
The measured· data points (in terms ofapparent resistivity) are superimposed on a solid line. The solid 
line. represents the computed forward model for the geoelectric section shown on the right. This 
geoelectric section is the best match obtained by the inversion program. Tabulated inversion parameters 
<:Qnsisting of measured data, computed data for best match solution, and inversion error are given in 
Figure 3-2 The geoelectric section in turn is translated into hydrogeologic information by establishing a 
relationship between resistivity and hydrogeologic units. The principles of TDEM are explained in 
Appendix A Inversion plots and tables for all soundings are given in Appendix B. 
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4.0 HYDROGEOLOGIC SETI'ING 
General 
The hydrologic setting at the Lihi Lani Project Site is described in a report by John F. Mink 
(1988) entitled "Groundwater Conditions, Pupukea-Paumalu, Oahu". Subsequent to this report, two wells 
were dfilled on the property and the results from these wells are described in a report by John F. Mink 
(1989) entitled •Pupukea Golf Course Wells, Summary of Pump Test Results, Recommendations Pump 
Size and Setting•. Much of the following information was extracted from. these two reports. 
Hydrogeology 
The Pupukea-Pauma:lu region is placed in the North Sector of Oahu in the Kawailoa Aquifer 
System, which identifies the aquifer type as unconfined, basal in lava of the Koolau volcanic series. The 
principle aquifer in the system is a thin basal lens of fresh to brackish water floating on sea water. This 
basal lens is the least robust in northern Oahu, having a head of less than 3 ft at a distance of 1 to 2 niiles 
from the coast. 
The potential for dike-confined ground water in the region is examined in "Evaluation of�jot 
Dike-Impounded Ground-Water Reservoirs, Island of Oahu" (K.J. Takasaki and J.F. Mink, 1985; U.S.G.S. 
Water�upply Paper 2217). In this evaluation potential ground water damming structures (dikes and rift 
mnes) were mapped east of the property as shown on Figure- 4-1. The nearest mapped dike or rift zone 
occurs near Camp Pauma:lu (about 3,000 ft northeast of the nearest TDEM sounding). Takasaki and Mink 
report that nearly all of the dikes mapped are vertical and have strikes ranging from N100w to N400w . 
.Results of Boreholes 
Two wells were drilled on the property in the Pakulena Valley in 1988. The locations of these 
wells are shown on Figure 2-1. Mink (1989) reports that the wells show a salinity of about 300 mg/l at a 
pumping rate of 500 ppm. Static water level (heads) in the wells is 3.8 and 3.7 ft for wells 1 and 2, 
respeCtively, which is indicatiVe of a low-head basal lens. Drawdown of the wells during the pump tests 
was negligible, and recovery was virtually instantaneous. 
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5.1 GENERAL 
5.0 RESULTS 
The main objective of the geophysical sul"Vey at the Lihi Lani Project Site was to infer from the 
resistivity layering obtained from TDEM soundings, the depth to salt water and the thickness of the basal 
fresh water lens. Another objective of the survey was to detect and map potential ground water damming 
structures. The translation of resistivity layering into hydrologic information is generally accomplished by 
two metl),ods: 
(1) One method is to use available knowledge about the relation between resistivity values 
and local hydrology. From more than fifteen previous TDEM surVeys in the Hawaiian 
islands, it has been shown that dry and fresh water saturated volcanic rocks have high 
, resistivities, typically greater than 500 ohm-m. Conversely, volcanic rocks saturated with 
salt water exhibit resistivities typically lesS than 5 ohm-m. Weathered volcanics or 
intrusives and ash flows often display intermediate resistivities (10 to 100 ohm-m). Using 
this knowledge, the characteristic ranges of resistivities expected for local geohydrologic 
units in the Lihi Lani study area are shown on Figure 5-1. 
It should be noted that some overlap in resistivity does occur. In these cases, often other 
factors can be used to infer the geologic/hydrologic unit in question. For example, a very 
low resistivity unit (e.g., less than 10 ohm-m) occurring at an elevation above seal level is 
assumed to be caused by weathered rock formations rather than saline water saturated 
formations. 
(2) Another method is to calibrate the geophysical interpretation at a well. In this case two 
wells were available for comparison. On Figures 5-2 and 5-3 a comparison of the TDEM 
results and borehole driller's logs are shown for Pupukea boreholes #1 and #2,_, 
respectively (TDEM soundings 1N2E and 1N1E, respectively). On these figures the 
resistivity stratification derived from the inversion of the TDEM data is given on the left 
and the information taken from the drillers logs is given on the right. 
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5.2 
General 
On Figure 5-2 the TDEM data were interpreted using a three-layered model. In this case, 
the uppermost layer in the inversion (38 ohm-Iil) correlates with the lted Clay and 
Decomposed Rock and Soil units listed in the drillers log. The second layer in the 
inversion (188 ohm-m) correlates with unaltered and competent rocks listed in the drillers 
logs. The third layer in the inversion (4.3 ohm-m) is beyond the total depth of the drill 
hole, and is interpreted to be caused by saline saturated volcanics based upon its' low 
resistivity value. Static water level (head) calculated from the TDEM results using the 
Ghyben-Herzberg relation is 2.15 ft. The head measured in the borehole was 3.8 ft which 
is in good general agreement with the TDEM results. 
On Figure 5-3 the uppermost layer in the inversion (22 ohm-m) corresponds to the Brown 
Soil Boulders and Clay (saprolite) taken from the drillers log. The second layer in the 
inversion (396 ohm-m) corresponds to the Puka and Hard Rock noted in the driller log. 
The third layer in the inversion (4.4 ohm-m) is beyond the total depth of the drill hole, 
and is interpreted to be caused by saline-saturated volcanics. Head calculated from the 
TDEM results is 2.85 ft. Head reported from the borehole was 3.7 ft which is again in 
good general agreement with the TDEM results. Thus, from the comparison of the 
IDEM inversions and drillers logs the relationship between characteristic ranges of 
resistivities and geohydrologic units shown in Figure 5-1 is confitmed. 
GEOELECTRIC SECTIONS 
The inversion results (resistivity layering) from the TDEM soundings have been combined in 
Figure 5-4 to produce two geoelectric sections. The path of the geoelectric sections is shown in 
Figure 2-1. 
Geoelectric Section A-A' (West to East) 
The results of Pupukea wells #1 and #2 have been superimposed upon the geoelectric cross­
section A-N in the upper part of Figure 5-4. In this geoelectric section the uppermost layer across the 
section is interpreted to correspond to the saprolite, and decomposed rock layers detected in the Pupukea 
wells, This·layer apparently thickens towards the east part of the section and is approximately 300ft thick 
. neat st.ations 5E and 7E. The second layer in the section is interpreted as unaltered volcanics. and where 
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this layer extends below sea level it is expected to be saturated with fresh-brackish water. This layer 
eXtends below sealevel at 1E, 2E and 3E and is deepest at 3E (approximately 140ft below sea level). 
At stations 1E, 2E and 3E the deepest layer in the section is interpreted as saline saturated 
volcanics (i.e., at these stations the fresh-brackish ground water resource is in the basal mode). At stations 
SE and 1E the lower"most layer in the section shows low resistivities (7.7 and 4.9 ohm-m) and lies 71ft 
below sea level at SE and 104ft above sea level at 7E. Because. this layer extends above sea level it is 
interpreted to be caused by clays, extremely altered volcanics, or a geologic structure (e.g., dike or rift 
�ne). The apparent dip of this unit between SE and 7E is approximately 10° to the west. 
Geoelectric Section B-B' (South to North) 
Geoelectric cross-section B-B' is given on the lower part of Figure 5-4. The section between 4E 
and SE is similar to the eastern part of Section A-� in that the lower-most layer in the section is 
interpreted to be caused by clays, extremely altered volcanics, or a geologic structure. The sounding at 6E 
shows a significantly different geoelectric section than any of the other soundings. BecauSe of this 
difference, it may be possible that a. geologic structure exists between 6E and 4E (possibly within the 
Kalunawaikaala Stream Gulch). At 6E all layers in the section have moderate or low r�istivities and the 
deepest layer in the section shows a very low resistivity (25 ohm-m) and lies well above sea level 
(226ft A.S.L.). This deep conductive l!lyer appears to extrapolate to the deep conductive layers detected 
at stations 4E and SE and thus may be correlated. 
Correlation of geoelectric units between 6E and 4E is not clear and possible correlations are 
shown on Figure 5-4 as dashed ·(questionable) correlations. Because of the relatiVely low resistivities in 
the upper sections at stations 6E and 4E, these layers are interpreted as saprolite, clays, and altered 
v()lcanics. The tbickness of l;his unit is large (approximately 620 ft at 6E and 500 ft at 4E). 
Equivalence in Inversion Solutions 
The . parameters· derived ·for the geoelectric section by the ridge regression inversion are not 
unique, but generally a range of v3Iues will equally fit the observed data within the overall RMS error. 
This phenomena is called equivalence, and the range of equivalence differs for each parameter of a 
geoelectric section. It is a measure of how well each parameter is resolved, and an example eq\livalence 
analysis for TDEM sounding lNSE is given in Figure 5-5. This figure shows both graphically and in the 
8 
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table, the upper and lower bound for each parameter of the geoelectric section. Thus, for IDEM 
sounding 1NSE the largest range of equivalence is iil determining the depth to and the resistivity of the 
second layer (unaltered volcanics). The depth to the top of this layer may vary from 82 m to 108 m 
(268 to 355 ft), and its resistivity from 135 to 354 ohm•m and still result in the same RMS error. The 
results of the eqUivalence analysis for the other soundings is similar, i.e., the largest equivalence is in tb.e 
depth to and resistivity of the second layer (unaltered volcanics). The range of equivalence for the 
parameterS of the overlying and underlying layers are relatively small. In particular, the total depth to and 
the resistivity of the conductive third (deepest) layer in all soundings is well resolved. Equivalence analysis 
for aU soundings are given in Appendix B. 
Modeling Studies 
In the geoelectric cross-section A-A' on Figure 5-..4, a basal ground water hydrology system is 
expected to exist froin 1E to 3E. At stations 5E and 7E the section is underlain by a.dipping conductive 
layer which extends above and below sea level. Because this layer is interpreted to be caused by clays, 
altered volcanics, or a possible geologic structure, it may form an aquitard. Therefore, further informa,tion 
abOut the thickness of this layer is important for hydrologic consideration. 
To determine the minimum thickness of the dipping conductive layer, comp\ltations were 
performed using the data from station lN7E. The minimum thickness is estimated using the folloWing 
procedure: 
(1) The best fit model for the sounding is used as a starting model. 
(2) A layer with a resistivity of 100 obm-m (corresponding to unaltered volcanics) is placed 
below the measured section. 
(3) Next, by iterations the minimum depth at which the 100 ohm-m layer, placed below the 
observed section, causes measurable differences in emf is computed. 
An example of computing minimum thickness of the dipping conductive unit is given on Figure 
5-6. On this figure the thickness of the third layer is varied in steps of 100 m from 400 m to 100 m. In 
this �ple a third layer thickness of 100 m results in an RMS error of 9.7%, which would be readily. 
measurable. Thus, the conservative minimum thickness of the dipping conductive layer is about 100 m or 
328ft. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 
The main objective of the geophysical survey at the Lihi Lani Project Site was to infer from the 
resistivity layering obtained from TDEM soundings, the depth to salt water and the thickness of the basal 
fresh water lens. Another objective of the survey was to detect and map potential ground water damming 
structures. 
In this survey, basal mode ground water is interpreted to exist beneath stations 1E, 2E and 3E on 
the west side of the property. At these stations the basal brackish/fresh water lens interpreted from the 
TDEM data is modest (heads calculated from Ghyben-Herzberg relation are 2.85, 2.15 and 3.61 ft) and in 
good general agreement with the results obtained from the Pupukea wells #1 and #2 (heads 3.8 and 3.7 ft, 
respectiVely). The thickness of the saprolite/soil horizon interpreted from the TDEM soundings is also in 
good agreement with the drillers logs for the two wells. Saprolite/soil horizon thickness derived from the 
TDEM soundings apparently thickens to the east (= 300ft thick at station 7E) and to the south (> 450ft 
thick at stations 4E and 6E). 
The four soundings on the east side of the property ( 4E, SE, 6E and 7E) detect a buried dipping 
conductive layer which occurs below sea level at station SE and above sea level at stations 4E, 6E and 7E. 
This layer is interpreted to be caused by clays, altered volcanics, or geologic structures, and thus may act as 
an aquitard or ground water damming uniL · Model studies show that this dipping conductive unit has a 
thickness of 100 m  (328 ft) or greater. From the relatively few TDEM soundings this unit appears to 
strike at approximately N45� and dip to the northwest at about 8 to 10°. This orientation and dip is 
contrary to that expected from dikes and rift zones mapped near Camp Paumalu (N100w to N400w -
Takasaki and Mink, 1985) about 3,000 ft northeast of TDEM sounding 1N7E. Thus, this unit may more 
likely be caused by clays or extreme alteration of volcanics rather than geologic structure. An approximate 
extt:apolation of this unit to the surface would place its outcrop at 4,000 to 5,000 ft southeast of the 
eastern-most soundings (6E and 7E). During the field survey! attempts were made to gain access to 
property southeast of Camp Pupukea to further define this unit, but poor road access and locked gates at 
the Forest Reserve precluded these measurements. Additional soundings in this area would be 
recommended if more detailed information about the attitude (strike and dip) and thickness of this unit is 
desired. 
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Question.-- What i� TDEM? 
Ans�er ... ,. TDEM is a surface g�qphy� i cal meth()d 
for determining the lateral and vertical resistivity" 
variation ( geoelectric section) in the subsurface_. 
Question.-- What useful information can be 
derived from the geoelectric section? 
Answer.-- Electrical resistivity can be used as 
an indicator for mapping several important objectives 
in the subsurface, such as: 
· 
1. Presence of contaminants. Dissolved sol ids 
in ground water decrease formation resistivi­
ties, so that industrial contaminant plumes 
and differences in salinity (e.g •• salt.water 
intrusion) can often be delineated from 
geoelectric sections. 
2. Soil and rock types. Clays a_nd clay shal,es. 
and formations of low hydraulic permeability, 
have lower resistivities than foM11atio11s of 
high hydraulic permeability, such as sands 
and gravels, sandstones, basalts, and higtl 
porosity limestones. The geoelectric section 
can, therefore, be used to map continuity of 
clay and clay shale lenses. 
3. Fractures and shear zones. Such zones are 
conduits for ground water flow and con• 
taminant migration, and they are often 
characterized by zones Of low resistivity. 
The reasons for the lower resistivities of 
these zones are infilling of the fracture 
zones by clay gouge, a 1 teration of wa 11 rock. 
and higher water contents. 
Question.-- What. advantages does TDEM have over 
other electrical and electromagnetic methods; such as 
resistivity (direct current) and electromagnetic con­
ductivity profiling with the Geonics EM-31 and EM-34? 
Aflsl_fer.-- The acjvantages of TDEM over other 
electrical and electromagnetic methods are 
o better vert i ca 1 and la_tera 1 reso 1 uti C)n 
0 lower sensitivity to geologic noise (see 
page 5) 
o the ability to explore below highly con­
ductive layers_ (e.g •. , brine saturated 
1 ayers and clay 1 enses). 
Some of the most frequently as;ed questions about TDEM 
and their answers are given below. 
Question.-- Are the principles of TDEM similar to 
electromagnetic induction profiling, such as used in 
the Geonics EM-31 and EM-34? 
Answer.-- Yes, the principles of electromagnetic 
induction profil iny in the frequency domain (FDEM). 
used in the Geonics EM-31 and EM-34, are in 111any ways 
similar to the principles of TDEM. 
An important difference between FDEJII and TDE_M is 
the current waveform driven through the transmitter 
1 oops. It is a continuous. harmoni c-varyi ilg current 
in FDEM, and a half-duty cycle waveform in TDEM. 
Question.-- Why does the current waveform of the 
transmitter make a large difference? 
Answer.-- The large. difference results from the 
fact that in FDEM the secondary magnetic field due to 
ground currents is measured when the transmitter. 
current is on, and in TDEM when the transmitter 
current is off. In both cases the time-variant 
current driven through the transmitter causes a time­
variant primary magnetic field. Associated with this 
primary magnetic field is an induced electromotive 
force (emf) that causes eddy current flow in the sub­
surface. The intensity of these currents is used to 
deternii ne subsurface conducti viti es. The induced emf 
is a harmonic-varying function in FDEM and consists of 
narrow pulses in TDEM. 
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Fig. 1. System waveforms in time domain EM (TDEM) and 
frequency do111ain EM (FDEM). 
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The receiver measures the emf due to the secon­
dary magnetic field of these eddy currents induced in 
the subsurface, and in the case of FDEM, the elllf 
measured by the receiver is the sum of (1) the primary 
magnetic field (emfp due to currents in the 
transmitter), and (2) the secondary magnetic field 
(emfs due to eddy current flow in the ground). Thus, 
emft = emfp + emfs 
where subscript t, p and s refer to total, primary, 
and secondary magnetic field, respectively. Clearly, 
emf s is the only component containing information about the subsurface. Unfortunately, in niost 
situations, the amplitude of emfs is only one part iri 104 parts o.f emf P · Thus, in FDEM, a small componj!nt of emf containing all the useful information about the 
subsurface must be measured in the presence of a large 
component containing no information. 
In the EM-31 and EM-34 ground conductivity is 
determined by measuring only the component of e_rilfs 
that ;s in quadrature phase (900 out-of-phase) with 
emfp. Unfortunately, t�eory shows that the in-phase 
component is more sensitive to ground conductivity. 
Measuring only the quadrature phase compo�ent limits 
the accuracy, exploration depth, and utiltty of FDEM 
systems. 
TDEM improves the situation, because measurements 
are made during the time the transmitter is off. 
During off-time the only COI!Iponent of emf measured by 
the receiver is emfs• Emfs is deteriliined in the 
absence of emfp, greatly improving its accuracy. of measurements. 
Question.-- Briefly explain how subsurface 
resistivities are derived from TDEM measurements. 
Answer.-- A TDEM system consists of a transmitter 
and a receiver. The transmitter configuration often 
used in ground water and environmental applications is 
a square loop of insulated wire laid on the ground 
surface (Figure 2). A multi-turn air coil receiver 
(about 1 m diam) is placed in the center of the loop. 
The sizes of the transmitter loops employed are mainly 
dependent upon the required exp 1 oration depth and 
geoelectric section. Typically, the side of a square 
is about one-half to two-thirds of the required 
exploration depth. Thus, for exploration depths to 
about 200 ft, 75 ft by 75 ft transmitter 1 oops may be 
employed. 
Fig. 2. Transmitter-receiver array in TDEM. 
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The current waveform driven through the 
transmitter loops is shown in Figure 1. The waveform 
consists of equal periods of time-on and time-off. 
The base frequencies employed in the Geonics instru­
mentation we employ can be varied from 300 hz, 30 hz, 
3 h�z and 0.3 hz. These frequencies result in on/off 
intervals of 0.833, 8.33, 83.3 and 833 msec, respec­
tively. 
The current driven through the transmitter loops 
creates a primary magnetic field. Ouring the rapid 
current turn,.off this primary magnetic field is time­
v�_riant and in accordance with Faraday's Law there 
�ill be an electromagnetic induction during this time 
(Figure 1b). This electromagnetic induction in turn 
results in eddy current flow in the subsurface. The 
i.ntensity of these currents at a certain time and 
depth depends on ground conductivity. 
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Fig. 3. Current distribution in FDEM at two times I after current turn-off. 
In near horizontally layered ground, the eddy 
currents are horizontal closed rings concentric about 
I 
the center of the transmitter loop. A schematic I illustration of these currents is shown in Figure 3. Inmediately after turn-off (to) the currents are con­
centrated near the surface, and with increasing time 
currents are induced at greater depth (tl)• I The receiver measures the emf due the secondary 
magnetic ftel d caused by these ground eddy currents 
(Figure 1c). At early time, when the currents are I mainly concentrated near the surface, the emf measured will mainly reflect the electrical resistivi.ty of near 
surface layers. With increasing time, as currents are 
induced at greater depth, the emf measured wi 11 
progressively be more influenced by properties of I deeper layers. Thus, in TOEM exploration, depth is mainly a function of time of measurement after turn-
off. 
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distribution at different times after turn-off. 
Another useful presentation of di stri but ion of 
current intensity as a function of time is given in 
Figure 4. At early time, to. all currents are con­
centrated near the surface. At later times (e.g., t3) 
the current maxima occur at increasingly greater 
depth. Thus, from measurements of the decay of emf at 
one location, the geoelectric. section to a substantial 
depth is obtai ned. 
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Fig. 5. Spatial behavior of emfs due to vertical 
(emf z) and hori zonta 1 (emf x) magnetic fie 1 d on a pro­file through the center of square transmitter loop at 
one time (2.2 millisec) after tur��off. 
The emfs caused by square transmitter loops vary 
with time and d.istance from the center. Figure 5 
shows a typical measured behavior of emfs at a certain 
time (2.2 milliseconds) after turn-off. At ot1 er 
times the ampl ftudes wi 11 be different, but the spa­
tial behavior is similar. The spatial behavior of th.e 
emfz is relatively flat about the center so that 
measurements of emf, due to the vertical magnetic 
field, are relatively insensitive to errors in sur-· 
veying ttie center of the loop, or to deviations from a 
-a-
square loop. This is clearly of practical value 
because it ( 1. reduces the cost of 1 and surveys and 
measurement errors, and (2) allows for some flexibil­
ity in the field in positioning the measurement -sta­
tions. 
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Fig. 6. Typical transtent behavior of emfz in center 
of square transmitter loop. 
Thus, in TDEM soundings, the geoe 1 ectri c section 
is derived from measurement of the emf due to the ver­
t-ical magnetic field (emfz) as a function of time 
during the period the transmitter is off. Figure 6 
sh.ows a typical behavior of emfz as a function of 
t-ime. Emf z can be seen to decay rapidly with 
increasing time. One transient decay recorded over a 
few tens .of milliseconds contains information about 
resistivity layering over a significant depth range. 
The emfs, due to the decay of the ground eddy 
currents, must be measured in the presence of ambient 
noise sources, such as geomagnetic storms, lightning, 
60 hertz pow·erl i nes, and other man-made sources. It 
is common to stack several hundred transient decays to 
improve signa 1 to nof se. Stacking of severa 1 hundred 
transient decays requires only a few seconds, and 
multiple data sets can be quickly obtained. 
',- . 
. 
The processing and di sp 1 ay of TDEM data is in 
many respects similar to that used in other electrical 
and electromagnetic methods. The objective of pro­
cessing TOEM data is to obtain a solution for the 
resistivity stratification of the subsurface that 
matches the observed transient. 
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Fig. 7. Example of TDEM apparent · resistivity curve 
and inverted geoelectric section. 
The inversion of measured TDEM data into vertical 
resistivity stratification can be performed on a PC. 
An example of a data set derived for a sounding is 
given in Figure 7 and Table 1. In the apparent 
resistivity curve shown on the left (Figure 7) the 
,measured data at each time gate is superimposed on a 
model curve of the geoelectric section shown on th_e 
right. This geoelectric section represel)ts the best 
one-dimensional match to the experimental data. In 
addition to this visual display, an inversion table 
(Table 1) is obtained that lists (column 4) the error 
between measured and computed emf at each time gate, 
as well as an overall . RMS error. The data shown on 
Figure 7 are typical of data quality common to TOEM 
soundings. Typically, 20 to 30 data points are 
obtained equally spaced on a logarithmic scale of 
time. Thus, clearly there is a major difference bet­
ween TDEM soundings and profiling with the EM-31 and 
El�-34 (where only a few data points at different 
effective depths are obtained). 
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Question.-- If TDEM is a major improvement in 
electrical geophyics, why has it not been extensively 
used in ground water and environmental applications? 
Answer.-- TDEM has been in common use in the 
search for base and precious meta 1 s, and for deep 
electrical .soundings in support of hydrocarbon and 
geothermal exploration for about 15 years. The reason 
for its_ sparse use so far in ground water and en vi ron­
mental investigations was that no equipment was here­
tofore avail ab 1 e for the often shall ow depth ( < 100 
ft) requirements, common to environmental invest i ga­
ti ons . 
I 
I 
I 
I 
Equipment for shallow exploration recent-ly became I available, opening a whole new range of applications 
for this powerful electrical measurement technique. 
Figure 8 shows the exp 1 oration depth range covered by 1 various instruments. 
Effective Oepth Range of Expl01at1on (feet) 
10 100 1000 
.. ;·T II I I I I II II i I I I I II II I I EM 47 I EM 37 I I EM42 >o I I 
il I EM 47 I I I EM 37 I I EM 42 I I I I I I i 
10 -e 10 ... 10"2 10° 
Tbne (sec) 
I 
I 
Fig. 8. Effective depth range of 
_
exploration and time 1 range of �easurement of various TDEM systems. 
Question.-- What is geologic noise and why is 1 TDEM less sensitiVe to such noise.? 
Answer.-- We define geologic noise as variation 
in subsurface conditions that obsc
-
ures the exploration 1 objective. Consider the schematic geologic cross sec-tion of the Floridan aquifer (Figure 9). The limesto-nes may be overlain by overburden, likely varying 
laterally and vertically in soil type and thickness. 
At some depth in the
_ 
aq
-
uifer a_n interface between I saline and fresh water may occur, and an important �xplQration oJ?jective could be the mapping of this · 
interface. Geologic noise for this objective iS the 
cha_nge in soil type and thickness of the overburden. I This noise can be very large in direct current resistivity, CSAMT ,,�,i electromagnetic induction pro­
filing. 
Geologic noise is a function of the exploration I objective. For ex amp 1 e, if the objective in the 
setting of Figure 9 would have been the mapping of 
overburden thickness and type (e.g., to delineate I areas of prime aquifer. recharge), then what was geolo-gic noise before becomes the exploration objective. 
Geologic noise is often the major cause of poor data 
quality in geophysical surveys for environmental and 1 ground water applications. 
I 
I 
I 
I 
I 
I Fig. 9. aquifer. Schematic geologic section of Floridan 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Question.-- How does TOEM reduce geologic noise? 
Ans,er.-- This fact can be conceptually explained 
from Figure 10 where the intensity of eddy current 
distrioution is schematically illustrated as a func­
tion of time for the FDEM and TDEM methOd. At early 
time (to ) in TDEM all currents are concentrated near 
the surface, and near surface formations will largely­
determine the emf measured. At later time, for 
example, t3, currents ha.ve ,largely decayed in near 
surface layers, and currents dominantly flo1f' at 
greater depth. The emf measured at time t3 is near 
transparent to near surface 1 ayers, so that their 
influence is greatly reduced at time t3 and later 
times. 
w 
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�  
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Fig. 10 • Eddy current intensity in FDEM and TDEM. 
In the FDEM method current intensity is always 
highest near the surface amplifying the influence of 
near surface 1 ayers. 
In summary, geologic noise"':.:due to lateral and 
vertical resistivity variation in TOEM is reduced 
because: 
(a) Exploration depth is 
time rather than 
separation. The 
separation need not 
exploration depth as 
( EM-31 and EM-34), 
resistivity methods. 
mainly a function of 
transmitter-receiver 
transmitter-receiver 
be a 1 tered to change 
is the case in FDEM 
and direct current 
-6-
(b) 
(
c) 
Relatively small transmitter-receiver 
separations compared to ef fective explora­
ti<m depth are employed. 
Measurements at later times are nearly 
transparent to near surface layers, because 
eddy currents at later times dominantly flow 
at greater depth. 
Question.-- Can TDEM surveys be effective in 
mapping fractures and shear zones? 
Answer.•- Yes, TDEM can detect cont;,cts. frac­
tures, and shear zones below considerable overburden 
thickness. The physical concepts of fracture and 
shear zone mapping are briefly explained. 
Electrical and e.l ectromagneti c methods are often 
effective in_ m�pping fractures and shear zones, 
because fractures and shear zones often are zones of 
low resistivity in more resistive host rocks. These 
lo,er resistivities are generally caused by clay 
gouge, higher water contents, and alteration in wall 
rocks. The mapping of fractures and shear zones beco­
mes increasingly more difficult with increasing over­
burden thickness where outcrops are limited. It is in 
these situations that geophysical surveys can play an 
important role. 
· 
a) ,, 
b) '2 
c) t3 
Fig. 11. Illustration of eddy current flow induced in 
011erburden, host rock, and fracture or shear zones at. 
different time_s. 
Thus, in all electrical and electromagnetic 
methods the geoelectric section is derived by 
measuring resistance to current flow. We cannot 
selectively cause current flow in fractures and shear 
zones, but currents wi 11 also be induced in overbur­
den, host rock, fractures and shear zones. The 
challenge is to isolate the response. due to a fracture 
from the total response, which also contains contribu­
tions due to current flow in overburden and host rock. 
TDEM is the most effective method for recogniZing 
fractures and shear zones under overburden cover. 
Figure 11 conceptually explains the physical prin­
ciples involved. It schematically sh·ows a near ver­
tical fracture zone below overburden cover, and a 
nearby TDEM source 1 oop induces eddy current flow in 
the subsurface. At early time (tQ) eddy currents are 
dominantly situated in the overburden because current 
flow has not yet reached the fracture. Therefore, a 
measurement of emf at time, tQ, will not reflect the 
presence of a fracture zone. At 1 ater time currents 
are induced in the fracture, and because the fracture 
zone is likely less resistive than adjacent host rock, 
currents will be preferentially oriented in the frac­
ture plane. In this intermediate time range the emf 
will contain major contributions due to currents in 
overburden, host rock and fractures. Currents in 
overburden may sti 11 dominate and fracture zones may 
be barely detectable. Since the fracture is less 
res 1St ive than adjacent host rock, currents will decay 
faster in host rock than in the fracture, and there 
wi 11 be a time range where the fracture has maximum 
detectabil ity. 
To map fractures and shear zones, often different 
modes of surveying are employed than for determining 
vertical resistivity stratification (soundings). 
Figure .12 sho\tiS several survey modes. If the strike 
of the fracture is known a long transmitter loop may 
be laid out, and profiles are run wi.th a receiver 
across the fracture zone. Also, a loop-loop array may 
be employed. 
.; RICEIYI!R POSITIONS 
Fig. 12. Transmitter-receiver arrays useful in frac­
ture mapping. 
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Fig. 13. Schlumberger measured apparent resistivities 
(a) superimposed on three one-dimensional geoelectric 
sections (b). 
Question.-- I am from Missouri. Show me. an 
example comparing TDEM with another electrical 
measuremen-t technique next to a drill hole. 
Answer.-- In a ground water survey on the coastal 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
plain in Israel, one of the 
.
expl
.
oration objectives was 1 to map the thickness of alluvium overlying a carbonate bedrock. A drill hole at the survey site showed depth 
to bedrock at about 168m (550 ft). 
The Institute of Petroleum Research and 
Geophysics, prior to the arrival of our TDEM crew, 
conducted a Schl umberger resistivity sounding near the 
drill hole. The results are given in Figure 13. 
Measurements were made to Al/2-spacing of 2,000 m (an 
array 1 ength of 4,000 m). The measured apparent 
resistivity data- are sup_er�mposed on the forwarci 
models of three�-"'�geoelectri c sections. The three 
geoelectric sections are shown on the right. Clearly, 
the data can be fitted to any of the three models • 
Yet, depth to bedrock between the three sections was 
varied by more than 300 m. The Institute, therefore, 
quickly decided that Schlumberger resistivHy soun­
dings were not a viable method, because not only was a 
large effort required to explore to a depth of 168 m 
(4,000 rn of line length), but its vertical resolution 
was meani.ngless. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
Measurements at the same 1 ocati on were made with 
TDEM in 200 m by 200 m transmitter 1 oops, and the 
results of central-loop TDEM soundings are shown in 
Figure 14• Again, the measured apparent resistivity 
curves are superimposed on three forward model curves, 
and the geoelectric sections of the three model curves 
are shown on the right. Depth to bedrock in the 
models is varied by 20 m. It is evident that vertical 
resolution of determining depth to bedro.ck is now 
.!. 10 m. 
Thus, not only was the physical effort required 
I . to sound to a depth of 168. m greatly red.uced-- only 800 m (4 x 200 m) of wire needed to be laid out, - but · the vertical resolution was greatly __ improved. 
I Ques.tion.-• Sul)llllarize for me the potential of TDEM in environmental and ground water geophysics. 
Answer.--Electrical surface geophysical methods 
- are an important tool because (1) electrical resisti-1 vity is the only readily measureable physical .. property highly dependent of concentration of dissolved solids -(water quaHty), and (2) electrical resistivity often 
closely relates to clay content and hydr'aul ic per-1 meability. In the past the vertical and lateral reso­lution of electrical methods was poor. TDEM_ techniques are changing that reputation. 
I 
I 
I 
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4 
5 
6 
7 
8 
9 
1 0  
1 1  
12 
1 3  
1 4  
1 5  
16 
1 7  
( OHM-r1 ) ( M ) 
44.4.5 
378 . 47 
.., a-:-
� . �·-. 
TIMES 
1.10E-04 
1.40E-04 
1.77E-04 
2 . 20E - 04 
2.80E-04 
3.55E- 04 
4.43E-04 
5.64E-04 
7.13E -04 
8.81E-04 
1 . 1 0E-03 
1 .4 1 E-03 
1 .80E-03 
2.22E-03 
2 . 85E-03 
3.60E-03 
4 . 43E-03 
82.2 
172.1 
DATA 
9.45E+Ol 
8 . 3 5E+Ol 
7.52E+Ol 
7.18E+01 
7.04E+Ol 
7.3 1 E+0 1 
7.88E+01 
8.8 1 E+01 
1 . 0 1 E+02 
9 .  79E+01 
9.59E+01 
8.90E+Ol 
7 . 26E+01 
6.29E+Ol 
5 . 1 4E+01 
4.50E+01 
3.4 1 E+0 1 
ELEVATION 
( M) (FEET) 
210.3 
12:3.1 
-44.0 
690.0 
. 420 .. 2 
' - 1 44. 4 
CALC �;; ERPOP 
8.82E+Ol 7.212 
8.07E+01 3 . .51:3 
7.63E+01 -1 .J.t:.-3 
7.44E+Ol - 3 . �··?2 
7 . 45E+0 1 -5.557 
7 .69E+0 1  -4.928 
8. 1 1 E+O.l -2.81.5 
8.73E+01 0.957 
9.34E+Ol 7.572 
9.68E+Ol 1 . 1 60 
9.53E+01 0.609 
8.66E+Ol 2.754 
7.40E+01 - 1 .921 
6.25E+0 1 0 . 652 
5.06E+Ol 1 .483 
4.15E+01 8.44 1 
3.48E+Ol -2.032 
1 8  4.49E-03 3. 52E+01 ... 3.45E+Ol 2 . 2 9 1 
1 9  5.64E-03 2.79E +0 1 2.86E+Ol -2 . 421 
20 5.70E-03 2.71 E+0 1 2 . 84E +0 1 -4.498 
2 1  7 .13E-03 2.37E+01 2.39E+01 -0.6 1 9  
22 7.19E-03 2. 1 0E+01 2.37E+01 -11.456 
?<:I 
_._, 8.81E-03 2.02E+Ol 2.04E+Ol -0.957 
24 l.lOE-02 1.72E+Ol 1.7SE+Ol -1.701 
25 1.41E-02 1.51E+Ol 1.48E+Ol 1.983 
26 1 .80E .... 02 1 .35E+0 1 1 . 28E+01 5.647 
27 2.22E-02 1 .. 17E+Ol 1.13E+Ol 3.39:3 
28 2.85E-02 9 .84E+OO . 9.88E+OQ -0.400 
29 3.60E-02 8.87E+OO 8.81E+OO 0.715 
CONDUCTANCE (S) 
LAYER TOTAL 
1.8 
0.5 
�)TC• ERF: 
1.8 
2.3 
R: 76 . X: 0 . Y: 76. DL: 152 . REQ: S4 . CF: 1 . 0000 
CLHZ ARRAY, 29 DATA POINTS, RAMP: 1 00 . 0 MICROSEC� DATA: 1 N3E 
1206 OOlN 003E Z OPR XTL L 4 8+1000 
Ch�21 = 0.1 Ch.22 = O .B9 Ch.23 = 16 Ch.24 = 232 
RMS LOG ER ROR : 2.73E-02, ANTILOG YIELDS 6.4961 % 
LATE TIME PARAMETERS 
* Blackhawk Geoscie�ces, Incorporated * 
PARAMEtER RESOLUTION MATRIX: 
P 3 0.00 -O.Gl O.S7 
: ' . -.. -
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
T � 0.01 O.OS 0.00 O.C� �-q� 
F� l :.:. .. 
PARAMETER BOUNDS FROM 
LAYER �-1 IN I MUt·\ 
RHO 1 41.528 
2 203 A71 
"':> 2.642 ._) 
THICK 1 70 . 270 
2 157.092 
DEPTH 1 70 . 2 7 0  
.., 251.911 "-
T .!.. j -
EOUI'v'ALEnCE 
8E>3T t·i:�><H1Ut1 
44.450 47 . 7 12 
37;3 .. -174 1038.240 
2. 91.5 3 . 17 1  
82.226 98.204 
172.086 184.156 
82.226 98 . 204 
254.312 257.354 
- - - -
- - -
- - ·  - ' - ·- ·- -
-
-
- - -
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
c,l 
I 
I 
I 
I 
w 
(T) 
z 
� 
I-
I-
1-
I 
0 
-T 
I I 
-
.. 
I I I I 
N 
coo 1 x W) 4+deo 
� p 1-1-
� 
d 
� 
� 
n r-
0 
,-.... 
E 0 I 0 E ...-"! £. 
0 
-...J 
·��· 
.. 1\-
C) >-
E" 0 1-.....-t Jo-.-j 
1-· > 
1- ......-t 1-
U1 
!;-
0 t--1 
....-1 U1 
w 
1- c:r 
1-
T I 
(T) 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
MODEL: 3 LAYERS 
RESISTIVITY THICKNESS 
( OHM-M) ( M) 
42.16 
182.77 
4.01 
T H1ES 
1 l.lOE-04 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1.40E-04 
1.77E-04 
2.20E-04 
2.80E-04 
3.55E-04 
4.43E-04 
5.64E-04 
7.13E-04 
8.81E-04 
1.10E-03 
1.41E-03 
1.80E-03 
2.22E-03 
2.85E-03 
3.60E-03 
4.49E-03 
5.70E-03 
149.5 
70.4 
DATA 
1.35E+02 
1.11E+02 
9.08E+Ol 
7.99E+Ol 
7.08E+Ol 
6.60E+01 
6.43E+Ol 
6.44E+01 
6.54E+Ol 
6.33E+01 
6.24E+Ol 
5.76E+Ol 
5.11E+Ol 
4.39E+01 
3.65E+Ol 
3.13E+Ol 
2.73E+01 
2.41E+Ol 
1N4E: 
ELEVATION 
( M) (FEET) 
231�6 760.0 
82.2 269.5 
11.7 38.4 
CALC % ERROR 
1.25E+02 8.571 
1.05E+02 
9.09E+Ol 
8.l2E+Ol 
7.36E+01 
6.88E+Ol 
6.61E+01 
6.47E+Ol 
6.41E+Ol 
6.33E+01 
6.12E+Ol 
5.67E+01 
5.05E+01 
4.44E+01 
3.76E+01 
3.19E+01 
2.74E+01 
2.34E+01 
·5 .302 
-0.125 
-3.870 
-4.029 
-2.764 
-0.553 
1.981 
0.077 
1.826 
1.554 
1.108 
-1.098 
"""2.838 
-2.152 
-0.316 
2.890 
COr--mUCTANCE ( 5) 
LAYER TOTAL 
3.5 
0.4 
STD ERR 
3.5 
3.9 
R: 114. X: 0. Y: 114. DL: 229. REQ: 127. CF: 1.0000 
CLHZ ARRAY , 18 DATA �OINTS, RAMP: 160.0 M ICROSEC, DATA: 1N4E 
1206 OOlN 004E Z CPR XTL H 2 8+100 
Ch.21 = 0.16 Ch.�2 = 0.089 Ch.23 = 19 Ch.24 5 
RMS LOG ERROR : 2.01E-02, ANTILOG YIELDS 4.7316 % 
LATE TII'1E PARAMETERS 
* Blackhawk Geosciences, Incorporated � 
PARAMETER RESOLUTION MATRIX: 
"F" MEANS FIXED PARANETER 
p 1. 1.00 
p 
p 
T 
T 
2 
•') � 
1 
.., ..... 
0.00 
0.00 
0.00 
Q.OO 
F·"'� 
0.02 
0.00 
-0.05 
0.12 
' p .J.. 
0.99 
0.00 1.00 
0.00 0.01 
.., p ..... T "- ...;. 1 J.. 
0.98 
T '"' .;;:, 
90UNDS FROM EQUIVALENCE ANALYSIS 
r·1INii'-1Ur1 BES·T 
1 
4 .. :,. :-.. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
DEPTH 1 
2 
13'}.744 
217.295 
14":..1• 4··?·2 
21(? .. ·�41 
·171.445 
- ·-- .-- �-.:- �- :------ ·-----
,.-.. 
::2:: 
I 
5 
10 
1N4E 
4 
� 10 0 
"-" 
>-
r-
1--f 
> 
1--f 
r-
(.f) 
1--1 
(.f) 
w 
o.-:: 
r-
z 
w 
o.-:: 
< 
(L 
.o_ 
< 
1000 
I D 
10:0 
1 0 . 1 I I I IITI .. 1 1 1111111 I I· I 1 1'''1 
-5 
10 
-4 
10 0.001 
TIME CSEC) 
0.01 
MODEL� 
u42. 2 
_f!fOHM-M 
0 
L 
l 
149. M 
0 
0...:,....---------+-­
L 
0 
g 183. 
r-� OHM-M 70. 4 M 
• 
(/) 
� -----�...____­
c 
-� 4. 01 
� OHM-M 
0 
OJ 
(._:) 
� 
� 
0 
...c. 
� 
u 
0 
..--1 
en 
% ERROR: 4. 73 
CAL I BRAT I ON: 1 
0. 1 0 F F SET: 11 4. M 
RAMP: 160. 0 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I w � I z: � 
I 
I 
I 
I 
I 
,-
- - I - I 
f-
-
� 
I 
L.. 
::-..... .. 
- l= � 1-
...... 
-
i 
I � � 
r-
L 
I 
r 
__ ,c 
- -
0 
...... 
0 >­
C) 1-"--
..--i � 
> 
� 
� 
(f) 
·a � 
..-i(J) 
w 
� 
j r �-0����-������� ����r -N 
cooT x W) Lf+dao 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
MODEL: 3 LAYE��S 
RES ISTI'.J I TY THICKNESS 
COHM-Ml CMl 
1 
3 
4 
5 
6 
7 
8 
'3 
10 
11 
12 
13 
14 
15 
16 
17 
18 
1'3 
20 
21 
61.72 
2C>2. 34 
7.68 
Tii'1ES 
8. '30E-05 
1.10E-04 
1.40E-04 
1. 77E-04 
2 .20E-04 
2.80E-04 
3 . 55E-04 
4.43E-0 4 
5.64E-04 
7.13E-04 
8.81E-04 
1.�0E-03 
1.41E-03 
1. 80E-03 
2.85E-03 
3 . 55E-03 
4.43E-03 
5.64E-03 
7.13E-03 
8.81E-03 
22 1. 10E-02 
'37. 0 
98.4 
DATA 
1. 2'3E+02 
1 .18E+02 
1 . 1 2E+0 2 
1 .06E+02 
1.05E+02 
1.02E+02 
1.0 2E+ 02 
1.01E+02 
9. 6'3E+Ol 
'3. 07E:-H) 1 
7.80E+01 
6. '34E+01 
6 . 01E+01 
5. 20E+Ol 
4. 65E+Ol 
4.09E+O l 
3.30E+01 
2. 8'3E+01 
2.66E+01 
2. 3 8E·!-01 
2. 07E+01 
1.92E+Ol 
1N 5E 
ELEVATION CONDUCTANCE 
CM) (FEET) LAYE�� 
173. 7  570.0 
76.7 251 .8 1.6 
-21.7 -71.2 0 . 5 
CALC I. ERR OF.: STD ERR 
1.31E+02 -1. 580 
1. 20E+02 -1.316 
1.11E+02 (). 347 
1 .06E+0 2 0. 26 ! 
1.03E+02 1. 380 
1.02E+0 2 0.252 
1.0 2E+0 2 -0.202 
1. 01E+0:2 0 .204 
9.60E+01 o. '353 
8. '37E+01 1.148 
8.14E+01 -4.268 
7.07E+01 -1 . 867 
6.07E+01 -0. '376 
5. 18E+01 0. 40 5 
4.48E+O l 3.798 
3. 84E+Ol 6. 556 
3. 38E+01 -2. 508 
2.97E+01 -2.557 
2.63E+01 1. 124 
2.3 4E+0 1 1.753 
2.12E+Ol -2. (>72 
1. ·33E+Ol -1. 2'32 
R: 76. X: 0. Y: 76. DL: 152. REQ: 84. CF: 1. 0000 
CS) 
TOTAL 
1.6 
2. 1 
CLHZ ARRAY, 22 DATA POINTS, RAMP: 100.0 MICROSEC, DATA: 1N5E 
1306 001N 005E Z OPR XTL H 2 8+100 
Ch.21 = 0.1 Ch.22 = 0.089 Ch.23 = 16 Ch.24 = 23 
RMS LOG ERROR: 1.46E�02, ANTILOG YIELDS 3 .4131 % 
LATE TIME PARAMETERS 
* Blackhawk Geosciences, Incorporated * 
F'ARAMETEF.: RESOLUTION MATRIX: 
"F" MEANS FIXED PAF.:AMETEF.: 
p 1 1. 00 
p .-, ..:... 0.00 0.06 
p 3 0.00 -0.01 o. '38 
T 1 -0. 01 -0.15 0.01 o. '32 
T .-. ..::. 0.01 0.18 0.00 0 . 07 0.93 
p 1 p .-. p 3 T 1 T .-. ..::. ..::. 
PARAMETER BOUNDS FROM EQUIVALENCE ANALYSIS 
LAYER !vtiNIMUM BEST MAXIMUM 
F.:HO 1 5'3. 58'3 61 . 717 1S8 • 1.-,.., ....;; ... :; 
. �. ..::. 134. 616 202. 340 -�=..., .�w�. '="''' r::-u4-J 
3 .. ., 321 7. 583 0 0'31 I . '-'• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
THICK 1 
. 
-, 
..::. 
DEPTH 1 
2 
81. 5'35 '36. '3'35 108.161 
88. 2'3'3 . '38. 435 115. l8'3 
81. 5"35 '36. '395 108.161 
1 '32. '355 1 '35� 431 1 '38. 042 
.
.
. 
. 
·
.
· 
.
. 
· 
· ··::.: . 
. · . ·  .·• · . .  > ·.·· 
. 
. 
.
.
. >
:· .
. 
- - :- -� :- - - - - - - - - - - :- - - - -
1 ��SE 
5 
10 
------- - --r------ ------- r----- ---� ---- - ----
,....._ 
� 4 I 
� 10 D 
...._, 
>­
...___ 
1--4 
> 
� 10:00 
(.f) 
<1--4 
U) 
w 
0:: 
...___ 
z 
� 100 
< 
(L 
Q_ 
< 
1 Q --!-- -.,-.-, �,, ....... ,
......,
, 1,..,..,1 ,.-1 -
..-
-
, --.lr-rTI I 111 I I I I 
-5 
10 
-4 
1 0 0. 00 1 0. 0 1 
TIME (SEC) 
----, MODEL: --- ------r-_ 
-u61. 7 l 
2! OHM-M 97.0 M 
0 
L 
0 
0... 
L 
0 
g202 . 
1--4 OHM-M 
+ 
I 
98. 4 M 
� L_ 
r: 
OJ 'li 7. 68 
w OHM-M 
0 
OJ 
� 
X 
3: 
0 
..c 
X 
0 
0 
......... 
CD 
%ERROR: 3.41 
CAL I BRAT ION: 1 
0. 1 OFFSET: 76. 2 M, RAMP: 100.0 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I· I I 
r 
I w 
Ln 
I 
I :z � � 
I i I 
I 
I 0 
I 
I 
i I 
I I I I 
.....-i 
COOT X Ul) 
I 
I 
i 
i 
I 
! 
! -
I I 
N 
Lr+dao 
I 
I 
I I 
10. 
E 
L 
I 
[ 
(Y) 
.-1 
>­
I­
.......  
> 
....... 
(f) 
w 
a:: 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I. 
Hk:E 
MODEL : ·-:- Lr�YERS ·-· 
RESISTIVITY THICKNESS ELEVATION CONDUCTANCE· (S) 
( 0Ht·1-M) 
(t'l) 
( M) (FEET) LAYER TOTAL 
274.3 900 .0 
66 .90 .53 .9 220.5 . 723.3 0.8 0.8 
27.91 151.6 68.9 226.1 5.4 6.2 
2.54 
TH1ES DATA CALC "' ERROR STD ERR , . ., 
1 8 . 90E - 0 .5  l.52E+02 1.45E+02 4.44 5 
2 1.10 E - 0 4 1 . 27E+0 2 1 . 24 E+02 2.731 
3 1.40E-04 1.05E + 0 2 1.04E+02 0. 56:3 
4 1. 77E-()4 8.75E+Ol 8.96E+Ol - 2 . 262 
5 2.20E-04 7 .64E+0 1 7 .90E + Ol - 3 . 276 
6 2.80E-04 6.73E+01 7 . 01E+ 01 -3.994 
7 3 . 5 5E- 04 6.21E+01 6.38E+01 -2.661 
8 4.43E-04 5 . •  91E+Ol 5.96E+Ol -0.875 
9 5.64E-04 5.73E+01 S.66E+01 1.361 
10 7.13E-04 5.56E+01 5.44E+01 2.206 
11 8.81E-04 5 .�6E+01 5.25E+01 0.357 
12 1. 1 0E- 03 4.98E+Ol 4.98E+01 0.019 
13 1.41E-03 4.63E+01 4.54E+01 1.916 
14 1.80E -03 4 . 11E+ 01 4.01E + 01 2.478 
15 2.22 E-03 3.50E+ 01 3.51E+01 -0 .  135 
16 2 . 85E-0 3 2.93E+Ol 2.95E+0 1 -0 . 683 
17 3.60E-03 2. 43E.+Ol 2.49E+Ol -2 . .175 
18 4.49E-0 3 2 . 08E+ 01 2.12E+01 -1 . 732 
19 5.70E-03. 1 . 77E+01 1 .79E+01 -1.013 
20 7 .19E-03 1.58E+01 1 . 52E+01 3 . 888 
R: 87. X: 0. Y: 87. DL: 174 . REQ: 97. CF : 1.0000 
CLHZ ARRAY, 20 DATA POINTS, RAMP: 125.0 MICROSEC, DATA: 1N6E 
2906 001N 006E Z OPR XTL H 3 8+100 
C h.21 = 0.125 Ch.22 = 0.089 Ch.23 = 16 Ch.24 = 
RMS LOG ERROR: l.SlE-02, ANTILOG YIELDS 3.5432%. 
LATE TIME PARAMETERS 
* Blackhawk Geosc.iences, Incofporated. * 
PARAMETER RESOLUTION MATRIX: 
"F" MEANS FIXED PARAMETER 
p 1 0.54 
p -. 0 ,C•2 0 . 7 '=1 .:. 
p ·") 0.03 -0 . 10 0 .19 � 
T 1 0 .33 0 .20 0 .01 0 • 3'1. 
T 2 -0 1 . .., • _;a. -0 .05 Q .05 0 .20 
F· 1 p .. -} p .... i "" .:, 1 
0 R:-� . -' -
·r .- . 
I � 
PARAMETER BOUNDS FROr1 EQut·,;,;u::>.lCE 
i"1Ii'·-!Ii"1UI'-'I 
·· • .  :·. <:'\ :' 
(;tJALY·:;. I·:. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
THICK 
DEPTH 
·-' 
1 
2 
1 
..., 
..::. 
... -. ' --- -· -
44 .079 
148 . 246 
44 .079 
204 . 123 
_. ·-- . . .:. - - .· ··. 
53 ::.57 ,-� 'J.Sl ";.!I 
151 . .:.50 1�:3 534 
r.::·-:: _,._, �.c::;:....., C··-·1 t::/ �<:: ·• ._,I - ·-' .l 
205 407 20:3 .206 
- -
�- - -; 
-
·
-
- - -
-
·- ·
-
- - -
-
-
-
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
w 
co 
z 
r-
0 
I I -
I I 
I - - I 
N 
cooT x UJ) Lr+dao 
�
 � 
-
r.:-1-1-
1-
� 
l-
1-
1-
0 
0 
......-1 
,...... 
E 
I 
E 
..c. 
0 
'-" 
o>­......-�1-­
t-i 
> 
t-i 
1-­
(f) 
t-i 
(f) 
w 
� 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1N7E 
MODEL : 3 LAYERS 
F:ESISTIVITY THICKNESS ELEI/i; T IOi'-1 CONDUCTANCE ( s) 
( OHM-M) (M) ( M) ( FEET ) LAYER TOTAL 
195.1 640.0 
41.11 97.9 9'""" . ., I .... 31:3.9 2.4 2.4 
322.4 1 65.4 31.8 104.2 0.2 2.6 
4.94 
TIMES DATA CALC �c; ERROR STD ERR 
1 8.90E-05 1.03 E +02 1.05 E+02 -2.031 
2 1.10E-04 9.20E+Ol 9.32E+01 -1.314 
'"') 1.40E""'"04 8.29E+01 8.32E+01 -0.326 ,_, 
4 1.77E-04 7 .68E+01 7.66E+Ol 0.287 
5 2.20E-04 7 . 38E+O l 7.27E+01 1.465 
6 2.80E-04 7.10E+Ol 7 .02E+·)l 1 . 083 
7 3.55E-04 6 .97E+Ol 6.88E+Ol 1 .251 
8 4.43E-04 6.83E+01 6.75E+01 1.112 
9 5.64E-04 6.45E+01 6.50E+O.l -0.805 
10 7.13E-04 5.99E+01 6.07E+01 -1.166 
11 8.81E-04 5.34E+01 5.53E+01 -3.424 
12 1.10E-03 4.77E+01 4.89E+01 -2.616 
13 1.41E-03 4.28E +Ol 4.17E+Ol 2.69 1  
14 1.80E-03 3.58E+01 3.55E+Ol 0.966 
15 2.22E-03 3.25E+01 3.08E+01 5 .  541 
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